Summary
Programmed ribosomal frameshifting (PRF) is a translational anomaly causing the ribosome to shift into an alternative reading frame. PRFs are common in viral genomes, using a single nucleotide sequence to code for two proteins in overlapping frames. In bacteria and eukaryota, PRFs are less frequent. We report on a PRF in the copper detoxification system of Escherichia coli where a metallochaperone is generated out of the first 69 amino acids and a Cterminal out-of-frame glycine of the gene copA. copA besides codes for the P 1B -ATPase CopA, a membrane-integral protein and principal interaction target of the chaperone. To enhance the production of the frameshift-generated cytosolic copper binding protein a truncated transcript is produced from the monocistronic copA gene. This shorter transcript is essential for producing sufficient amounts of the chaperone to support the membrane pump. The findings close the gap in our understanding of the molecular physiology of cytoplasmic copper transport in E. coli, revealing that a chaperone-like entity is required for full functionality of the P 1B -ATPase copper pump.
Introduction
Copper is one of the more toxic heavy metals bacteria encounter in the environment. It is particularly detrimental due to its capability of passing membranes and cycling between mono and divalent cationic states. Besides its redox toxicity, copper has a strong tendency to adsorb to proteins and thereby promote misfolding, metal cofactor displacement and degradation (Macomber et al., 2007; Macomber and Imlay, 2009; Dupont et al., 2011) . It is well established that copper detoxification is critical for virulence in many bacterial pathogens. For instance, a Salmonella enterica strain lacking the copper pump CopA is not able to withstand phagocytosis. Using a copper bioreporter approach, it was shown that phagocytes kill bacteria by exposure to high concentrations of copper (Osman et al., 2010) . The fact that copper resistance mechanisms are related to the pathogenicity of Streptococcus pneumoniae, Mycobacterium tuberculosis, Pseudomonas aeruginosa and E. coli (Schwan et al., 2005; Shafeeq et al., 2011; Wolschendorf et al., 2011; Chaturvedi et al., 2012; Fu et al., 2014) illustrates the need to understand copperlinked biology.
The most common resistance factors against copper are membrane pumps that export Cu 1 -ions from the cytoplasm at the expense of ATP. These proteins belong to the family of P-type ATPases (P 1B -subgroup) and feature a transmembrane domain with 8 helices followed by an ATPase unit comprised of three domains (Arg€ uello et al., 2007; Rosenzweig and Arg€ uello, 2012) . In addition, P 1B -ATPases usually have N-or, in rare cases, C-terminal domains responsible for metal binding. These metal binding domains (MBDs) have high affinity to copper and are involved in regulation of the ATPase activity, and also metal storage and trafficking functions were described for MBDs (Arg€ uello, 2003; Singleton and Le Brun, 2009; Drees et al., 2015) . The domain organization of P 1B -ATPases is exemplified by CopA of E. coli in Fig. 1A and B.
To reach the cytoplasmic copper pool, membranelocated P 1B -ATPases require access to an intracellular copper trafficking system. It was demonstrated that small molecule compounds such as glutathione (GSH) and metallothioneins contribute to copper resistance (Helbig et al., 2008; Rowland and Niederweis, 2012) but, most commonly, P 1B -ATPases interact with cognate copper binding and delivery proteins, the so-called copper chaperones (Gonz alez-Guerrero and Arg€ uello, 2008) . Copper chaperones are often homologous to MBDs and are usually co-regulated with P 1B -ATPases. However, genome mining revealed that only 75% of bacterial organisms with a predicted copper-specific P 1B -ATPase have a metallochaperone gene (Sharma and Rosato, 2009 ). This finding suggests that the remaining 25% of species either feature a disguised chaperone or harnessed alternative routes for delivering copper to P 1B -ATPases.
Until recently, E. coli has been regarded a member of the copper chaperone-lacking group of organisms (Rensing and Grass, 2003) . Here, we change this view and report on the production of a cytoplasmic copper chaperone, which is synthesized by programmed ribosomal frameshifting (PRF) out of the copA gene (Meydan et al., 2017) . We analyzed copA transcription and discovered that an additional mRNA is produced from the monocistronic copA transcript, from which the novel chaperone is expressed. Because 21 PRF itself is a rather inefficient process (Farabaugh, 1996; Giedroc et al., 2000) , the additional transcript seems to be of particular importance for producing sufficient amounts of the chaperone to support the CopA membrane pump.
We, moreover, demonstrate that expression of the chaperone is triggered at lower copper concentrations and that the short transcript is far more stable than the full length copA mRNA. With respect to the physiological significance of the mechanism, we provide evidence that the chaperone is required as a quickly responding first line of defense against a copper shock in vivo, while its absence can be compensated by E. coli once adaptation to copper is achieved.
Results
The copA gene codes for two proteins
The copA gene encodes the sole membrane-borne copper export pump of E. coli. We engineered a variant, in which the 87 kDa CopA protein carried an N-terminal Strep-tag for easier immunological identification and purification. In the context of our biochemical experiments we noticed an unexpected protein with an apparent molecular mass of 12 kDa in SDS-PAGE (data not shown). The protein band was detectable by Strep-tag specific immunoblotting suggesting that it was a product of the N-terminally Strep-tagged CopA protein. Mass spectrometry revealed that the total mass of the peptide corresponded to the first 70 amino acids of CopA extended by the respective affinity tag. We subsequently analyzed CopA under physiological conditions to assess whether the N-terminal fragment of CopA is produced when the chromosomal copA gene is expressed in response to copper stress. As shown in Fig. 1 (complete data in Supporting Information Fig. S1 ), a fragment with the corresponding size of 8 kDa was detectable in E. coli cell extracts with a CopA-specific antibody (this corresponds to the 12 kDa fragment minus the 4 kDa of the twin Strep-tag -see Fig. 1C ). Peptide fingerprinting of the excised band unambiguously identified a CopA fragment (aa 2-70) lacking the N-terminal methionine.
The identification of this fragment is particularly striking because the two N-terminal domains of CopA, located upstream of the first transmembrane helix (predicted aa 187-207), are homologous, albeit independent units with respect to copper binding and transport function (metal binding domains, abbreviated MBDs). The predicted domain boundaries are aa 4-65 (MBD1) and aa 100-163 (MBD2, Fig. 1A and B). Because the identified peptide coincides with MBD1, we hypothesized that this entity may have a physiological function as a soluble copper binding and delivery factor for CopA.
The N-terminal domain of CopA is expressed by programmed frameshifting Our initial assumption that the observed MDB1 fragment resulted in vivo from proteolytic processing of full-length CopA was not supported by MS analysis: We discovered a 214 Da discrepancy in the mass of the Cterminal peptide when the purified MBD1 fragment was digested with endopeptidase GluC, while the mass fingerprint of the tryptic fragments yielded the expected results. These observations suggest the C-terminal residue of the fragment to be glycine (sequence SHPK-G), rather than the expected alanine, (SHPK-A) (Fig. 1D , additional data in Supporting Information Figs S1 and S2). The peptide fingerprint of full-length CopA (Supporting Information Figs. S1-2) was consistent with its sequence and a peptide including A70 with the expected mass was identified. These experiments clearly verified that the in vivo observed MBD1 is not a proteolytic cleavage product of CopA. The full alignment of CopA with the novel peptide is also shown in Supporting Information Fig. S3 .
The discrepancy of the CopA and the N-terminal MBD1 fragment sequences led us to presume that distinct translational events are responsible for the biosynthesis of both proteins from the same gene. Strikingly, sequence motifs typical for a process called 21 PRF could be identified in copA (see below). This atypical translational event causes the ribosome to move back one nucleotide, causing a shift within the reading frame. A 21 PRF typically requires two features in the mRNA, first, a so-called slippery heptamer at the frameshifting site, and second, a secondary RNA structure downstream of the frameshift site. This structure serves as an obstacle for the ribosome to fully progress to the next codon, thereby leading to a change in reading frame by one nucleotide in 3 0 direction (Namy et al., 2006) . This secondary structure often is a pseudoknot, a stem loop structure, in which the loop nucleotides are engaged in further hybridization, so that a second stem is formed (Pleij et al., 1985) . However, frameshiftpromoting stem loops have been reported (Yu et al., 2011) , as well as frameshifts occurring without a secondary structure downstream of the slippery heptamer (Farabaugh, 1996) . In the sequence of copA, a TAA stop codon in the 21 reading frame at codon 70/71 could potentially terminate translation, giving rise to the small gene product ( Fig. 2A) . A suspicious slippery heptamer according to Weiss and colleagues (1989) is located at copA 201-207 and could induce a frameshift right before the 21 stop codon, which would cause the last amino acid of the peptide to shift from alanine to glycine. To confirm the frameshifting event, we created two site-specific mutations and analyzed the gene products produced in vivo. When the slippery heptamer was replaced by codon-maintaining nucleotides (named M slip ), the small gene product disappeared (Fig. 2B ). When the stop codon of the 21 reading frame was exchanged (TAA to GAA) (named M stop ), a gene product extended by 17 amino acids was observed representing a product terminated by the next downstream-located stop codon in the 21 frame. This data strongly suggests a frameshift-derived origin of the copper chaperone.
As mentioned above, similar findings on the copA frameshift were very recently published by (Meydan et al., 2017) and the chaperone fragment was termed CopA(Z). The reported experiments complement our study and provide a hypothesis on the frameshiftpromoting structure, i.e. an imperfect pseudoknot with stem lengths of 7 and 7 respectively. In Meydan's work, the frameshift efficiency was demonstrated to be between 40 and 50% based on in vitro transcription and in vivo luciferase assays. While we gained comparable results from GFP fusions (see below), we wondered why electrophoreses and western blots of cell extract provided somewhat different results: From quantitative western blots, which were calibrated by known amounts of the purified CopA and CopA(Z) proteins, a numerical excess of the chaperone over the ATPase was estimated (Figs 1C and 2B) . This would correspond to significantly higher frameshift efficiency, which is highly atypical based on what is known about the mechanics of 21PRF so far. This hypothesis is supported by an additional experiment shown in Supporting Information Fig. S4 . When N-terminally Strep-tagged CopA was overproduced in E. coli, enormous amounts of the small gene product could be solubilized out of the membrane fraction of the overexpressing cells and hence copurified with CopA. From peak area quantification, an eightfold excess of the chaperone could be estimated. In addition, high concentrations of the chaperone were also found in the soluble cellular fraction, suggesting an even higher abundance of CopA(Z).
An alternative transcript promotes the expression of MBD1
Inspired by the substantial amounts of CopA(Z) in whole cell extracts, we decided to investigate whether its biosynthesis is additionally regulated on transcriptional level. We examined the copA transcript in total RNA of E. coli strains W3110 (K12 wild type), LMG194 (wildtype background) and DC194 (LMG194 carrying a copA knockout) under different growth conditions. Northern blots developed with a probe binding in the 3 0 region of copA showed a transcript of the expected full length (2.5 kB), when E. coli was exposed to copper (data not shown).
In contrast, a probe complementary to the 5 0 region of copA revealed two distinct bands on copper exposure ( Fig.  3A and B). To map the exact start and end positions of the short transcript, we performed RACE experiments (Fig.  3C ). While the short transcript shares the transcription start site with full-length copA, its 3 0 terminus is located in the sequence coding for MBD2.
It seems that the copper content in LB medium is sufficient to trigger the transcription of small quantities of the short copA transcript. Overall, both transcripts showed similar copper-dependent induction kinetics, although the short transcript appeared already at lower copper concentrations than the full length transcript and was always present in higher concentrations (Fig. 3A) . In addition, it appeared to be more stable on blocking of transcription by rifampicin treatment (Fig. 3B ). The fact that the short transcript still increased at the expense of the long transcript after block of transcription strongly suggests that the short transcript is processed from the long one. To assess a possible contribution of the RNases RNaseIII and RNaseE in the processing we determined formation of the short and long transcripts in the corresponding A. The frameshift site is located at the C-terminal end of MBD1. 21 PRFs require a 'slippery heptamer' sequence, which is located over codons 68 and 69 of copA (blue boxes). The slippage (indicated by arrow) moves the taa stop codon (black boxes) in frame, which causes termination of translation one codon downstream. Two mutations (red underscores) were introduced to prove the frameshift. M stop features an alteration of the 21 stop codon, M slip features a non-slippery sequence at the frameshift position. Translation of these mutants is illustrated and the alternate stop codon of M stop is highlighted. A full alignment of CopA and CopA(Z) is shown in Supporting Information Fig. S3 . B. the western blot of the gene products of copA mutants M stop and M slip (immunodetection with polyclonal antibody against the CopA MBD1). Expression of pBAD::M stop copA leads to a new gene product due to the frameshift and termination 17 codons downstream to the original stop codon. When pBAD::M slip copA was expressed, no small gene product was observable. mutant strains. It turned out that none of both had a major effect on the production of the short transcript (Supporting Information Fig. S5 ).
Sequence analysis confirmed the absence of any classical transcription terminator structure in close proximity to the 3 0 end of the transcript, which is consistent with the RNA processing hypothesis. To exclude an atypical termination event, we used a pET vector for in vivo expression of copA in which, in contrast to chromosomal genes, transcription is mediated by T7 RNA polymerase. The same small transcript was observable, although it is known that E. coli-and T7 polymerases respond differently to certain termination signals (Macdonald et al., 1993) .
In conclusion, the presence of the short mRNA suggests that most of the copper chaperone derives from this highly abundant transcript, rather than from the fulllength copA transcript. The evidence that an RNA processing step is involved is substantial, although the mechanism by which it is produced remains unclear.
Origin of the short gene product CopA(Z)
To address the question of whether the copper chaperone derives from the short and/or long transcript, we generated copA-GFP fusion constructs (Fig. 4A) . The GFP fusion to the first 444 copA nucleotides resulted in both, short and long transcripts and corresponding fusion proteins ( Fig. 4B and C). Adding 15 nt to the copA 1-444 fragment did not result in a significant increase of the short transcript. Nested deletion of the copA 1-444 fragment from the 3 0 end retained synthesis of the long transcript but massively reduced the amount of the short transcript (Fig. 4B) . Already, a truncation by only 15 nt severely reduced the small fragment, which was not detectable anymore after truncation by 90 or 120 nt. Subsequently, these fusion constructs were used to produce the small CopA chaperone and the CopA-GFP fusion protein. Cell lysates were diluted to equal concentration of CopA(Z)-GFP according to the GFP fluorescence and analyzed by western blot. As shown in Fig. 4 , the copper chaperone was produced from all constructs, albeit in different overall quantities. In the 2120 nt construct, considerably less chaperone is produced, which leads us to conclude that most of chaperone is translated from the short mRNA. To estimate the frameshift efficiency on the long transcript, the bands observed in the 2120 nt construct can be used. When normalizing the intensities according to the molecular weights of CopA(Z) and the fusion-protein (8 kDa vs. 43 kDa), the staining intensity ratio of both products is 4:5, corresponding to a theoretical maximum of 44% frameshift efficiency.
CopA(Z) provides resistance against copper shock
Finally, we addressed the physiological impact of the new putative copper chaperone. From previous studies A. Quantitative northern blot of E. coli cells grown in LB, harvested 30 min after adding copper in the concentrations indicated above. 5 mg total RNA was separated on a denaturing agarose gel. 23S rRNA band of the ethidium bromide stained gel (bottom) served as loading control. RNA was blotted on a positively charged Nylon membrane and hybridized with a DIG-labelled RNA probe of 189 nt length comprising parts of the MBD1 region. Signals at approx. 2.5 kb (fulllength transcript, black diamond) and 0.45 kb (short transcript, grey square) were detected, indicating two transcripts derived from the copA gene. The signal intensity increased with increasing copper concentrations. The right panel shows the quantification of band intensities (line -b-spline trend line). A faint signal of the short transcript was observable even in the absence of copper. B. Transcript stabilities were determined by northern analysis with the above mentioned probe. Samples derived from E. coli cells grown in LB and harvested at the given times. First, after adding 0.3 mM CuSO 4 (times given in the first line), second, after subsequently adding rifampicin (rif) to the cells (times given in the second line). 5 mg of total RNA was separated, blotted and hybridized as described. Quantification of the band intensities is given in the right panel (line -b-spline trend line). The dashed line indicates the change between initiated transcript and degradation after stopping de novo transcription by rifampicin. C. Schematic drawing of the copA transcript. 5 0 end at position 232 and 3 0 end at position 444 relative to the AUG start codon (A set to position 11) of the truncated transcript were determined by RACE. The position of the probe used for the northern analyses is given. Nucleotide positions of the start and end of regions encoding the MBD1 and MBD2 (shaded) are given in the boxes. The sequence surrounding the 3 0 end of the short transcript is shown below.
One gene, two proteins 639 of E. coli and B. subtilis it is known that copper chaperones are not capable of complementing the respective copA null mutants (Solovieva and Entian, 2004; Drees et al., 2015) . In initial experiments measuring growth in copper supplemented media, no phenotypic difference was observable between copA-deficient strains complemented with wildtype CopA (from plasmid pBAD::copA) or a CopA variant lacking the slippery heptamer (pBAD::M slip -copA). Previously it was reported that a strain harboring a copA allele capable of producing CopA(Z) slightly outgrew a non-shifting strain (equivalent to M slip -copA) over 50 generations (Meydan et al., 2017) . To yield any insight into the underlying physiology, we developed an alternative experimental approach focusing on the kinetic aspect of copper toxicity. Earlier studies showed that the presence, but not the metal binding property of the CopA MBDs is required for copper resistance (Fan et al., 2001; Drees et al., 2015) . This result was surprising, because so far, there is no alternative explanation on how MBDs should support the functionality of P 1B -ATPases. In another study, Nies and coworkers (Helbig et al., 2008) demonstrated that glutathione (GSH) is a substantial factor in copper resistance and that the action of glutathione was linked to the presence of a functional P 1B -ATPase. Taking both observations in account, it is possible that GSH is involved in delivering copper to CopA, but cannot trigger ATPase turnover. This process requires protein-protein interaction between MBDs and the ATPase A-domain (Huster and Lutsenko, 2003) . To set up a model in which CopA(Z) functionality could be assayed in a clean background, we generated a strain (DB1) deficient in both GSH biosynthesis (DgshA) and copper resistance (DcopA). However, DB1 did not show any phenotype when complemented by M slip -copA in the above described growth experiments, either (Supporting Information Fig. S6 ).
Instead, a significant impact of CopA(Z) could be demonstrated in an experiment assaying the resistance against a transient copper shock. When cultures were exposed to copper for a short period of time and the titer of surviving cells was measured by cfu's, M slip -copA complemented strain DB1 to a significantly lower extent than the wild type allele (Fig. 5) . This phenotype differs from DN 1 -copA, which is completely deficient of the N-terminal domain regardless of being expressed as MBD1 or CopA(Z), illustrating that the N-terminal domain expressed as MBD1 strongly affects the basic functionality of CopA. Taken together, the time dependent transcript analysis and the copper shock related phenotype provide substantial evidence for a primary role of CopA(Z) in the defense against copper shock.
Discussion
The E. coli metallochaperone CopA(Z) is synthesized by a 21 PRF, and production of the frameshift product is facilitated by a truncated copA transcript. This short mRNA is produced in high quantities and dedicated to translate into CopA(Z). The presented data, in agreement with what was recently published, confirm that the frameshift event follows the rules of known bacterial 21PRFs, involving a slippery heptamer and a pseudoknot (reviewed by Farabaugh, 1996; Meydan et al., 2017) . We could, moreover, demonstrate that CopA(Z) is generated from both transcripts and that the existence of the short transcript increases production of CopA(Z) several fold.
Fig. 4. Probing of transcription and translation of copA(Z).
A. To identify whether CopA(Z) originates from both transcripts or is only translated from the short mRNA, the sequence of the short transcript was fused to gfp and cloned into a pBAD plasmid. The 3 0 end was truncated in steps (indicated by arrow) and the effects were observed on transcript and protein level. B. Northern blots of E. coli DC194 expressing pBAD::copA(Z)-gfp vectors hybridized with the copA probe. Gene expression was induced with 0.2% arabinose (left panel) and sampled 30 min after induction. Rifampicin (250 mg/ml) was added at denoted times before sampling. A high concentration of the short transcript is present when copA 1-444 was present. On truncation, the short transcript disappeared and was not detectable in constructs truncated by 90 or 120 nt respectively. C. quantitative western blot of truncated CopA(Z)-GFP constructs. Band intensities are plotted against length of truncation in the graph on the right.
Frameshift conditions produce CopA(Z) from full length transcript
When CopA(Z) is synthesized exclusively from a copAgfp fusion mRNA, the efficiency of frameshift is relatively low. As outlined above, an up to 44% molar proportion was calculated from densitometric data [12% band intensity of frameshifted product (see Fig. 4C) ]. Although such a low yield is consistent with the low reported general efficiency of 21 PRFs, the resulting almost equimolar ratio of chaperone to ATPase would be rather inefficient from a physiological point of view, thus providing a salient rationale for production of a chaperonededicated short transcript (see below).
A lot of research has been conducted on the requirements of pseudoknots for promoting efficient frameshifting and there is strong evidence that PRF frequency is directly related to the physical stability of the pseudoknot (Giedroc et al., 2000) . These findings could be transferred to the full length copA transcript. The work by Sorensen and coworkers analyzed PRF efficiencies of two pseudoknots with 11/6 and 7/4 stems and reported maximum PRF efficiencies of up to 14% in an E. coli model with a similar slippery heptamer (Hansen et al., 2007) . In copA, the special case of a frameshift promoting nascent polypeptide chain was observed (Meydan et al., 2017) : It is conceivable that only by this virtue, the reported frameshift efficiency of 40-50% can be reached at all. While Meydan et al. elucidated the determinants of the frameshift event, we were curious about how a frameshift-based mechanism could work in a gene topology where the ATPase is translated in, but the chaperone termination out of frame. The functionality of the CopA system demands that the small cytosolic chaperone is in considerable excess whereas the membrane transporter, being present at low quantity, acts as a multiplier. As the catalytic cycle of the ATPase is efficient, CopA does not need to be expressed at high level. In contrast, the chaperone has to screen the complete cytosolic space and transport and eventually deliver copper ions via a diffusion-based process, and thus needs to be present at relatively high cellular concentration. It is obvious that in this scenario one would expect the small chaperone to be the in frame (i.e. highly expressed) component and the CopA-ATPase gene to shift out of frame for a low level production. As a precedent in E. coli, this set-up is the case for dnaX, where a frameshift leads to the production of a low abundance variant of the DNA polymerase III g subunit while the read though generates the default product (Flower and McHenry, 1990) .
A small transcript promotes efficient CopA(Z) production Our discovery of the short mRNA explains how the expected balance between CopA and CopA(Z) is achieved although we do not yet know the nature of its origin. Neither RNaseE nor RNaseIII alone seem to be involved in processing (Supporting Information Fig. S5 ). An obvious presumption would be that copper itself could be involved in an autocatalytic cleavage of the copA transcript or may alternatively promote the formation of a structure that is recognized by a processing enzyme. However, the fact that vast amounts of CopA(Z) and the copA(Z) transcript are produced when copA is overexpressed from an IPTGinducible plasmid argues against a copper dependency.
Another open question is how the small mRNA, harboring the incomplete reading frame of MBD2, is handled by E. coli. The non-frameshifting fraction of ribosomes would stall at the end of the short transcript. Rescue mechanisms such as tmRNA, which lead to degradation of the respective nascent polypeptides, would pose a severe metabolic burden negatively affecting the copper shock response. It is, therefore, justified to assume that PRF is preferred in the short transcript and that yet unknown mechanisms support ribosome slippage. Two lines of evidence support this hypothesis, the first coming from a ribosome profiling study in E. coli (Li et al., 2014) . Here, the copA gene attracted attention due to the inconsistencies in ribosome occupancy, which we now know are a result of the described frameshift. The detected ribosome densities between start and 21 stop codon exceeded the occupancy of the downstream region 10- [pBAD] (black, crosses) were subjected to copper shock for 5 minutes (denoted concentrations of CuSO 4 added to the cultures). Subsequently, cultures were diluted and spread onto LB-agar plates. Cfu's were counted from six independent experiments and with taking at least two dilutions into account. Cell titers before copper exposure according to cfu numbers varied between 5.6 6 0.8 3 10 7 (DB1 [pBAD::DN 1 -copA]) and 4.1 6 0.6 3 10 7 (DB1 [pBAD::copA]) cells ml 21 and were, therefore, normalized for better comparability. The number of colonies per plate varied between 236 and 8411.
One gene, two proteins 641 to 20-fold. Strikingly, elevated ribosome occupancy was only observed up to the point where the ribosome frameshifts. Taking together the high expression level of the short mRNA (which is indistinguishable from the fulllength transcript in the ribosome mapping data of copA) and the reported PRF efficiency of 40-50%, a much higher ribosome occupancy would have been expected downstream of the frameshift site up to the end of the short transcript (copA 444 ). The second evidence for a much higher frameshift frequency than expected is disguised in the data presented in Fig. 4 . Intriguingly, the amount of CopA(Z) produced from the gfp-fusion is reduced to the lowest observed level when the short copA -52-444 transcript was truncated by only 15 nt, even though at this point, the small transcript is still produced. This indicates that frameshifting from an artificially truncated construct is far less efficient than from the native copA -52-444 mRNA. Taken together, these observations suggest that the short transcript is designed by nature to provide sufficient copper chaperone by an extraordinarily efficient frameshifting mechanism.
Frameshifting versus dicistronic gene organization of copA
The cumulative data indicate that the copA copper detoxification pathway is efficiently organized and has a high degree of redundancy. Only by eliminating the protective effect of glutathione, we were able to demonstrate a phenotype of the CopA(Z) pseudodeletion. Interestingly, the presented experiments are the first evaluation on how copper shock is handled by E. coli and might indicate that copper shock response is a general virtue of CopZ-like metallochaperones. An important question is why the E. coli system with both a chaperone/MBD hybrid protein and a PRF-derived stand-alone chaperone is retained and was not substituted by a dicistronic chaperone/ATPase operon as it is found in most bacterial genomes (Sharma and Rosato, 2009 ). The genetic and evolutionary implications that led to the given genetic architecture were elucidated by Meydan et al. (2017) . Apart from how the mechanistic prerequisites for the 21 PRF may have evolved, it is certainly difficult to speculate on the reasons behind a particular biological constellation. However, one benefit of the 'one gene-two products' design in E. coli is obvious: As a means of compression of genetic information, the frameshift saves genomic space and, therefore, provides a selective advantage with every generation cycle while maintaining what appears to be the full functionality of the cop system. It is accepted that condensation is the reason why viral genomes feature a high density of frameshift encoded genes (Farabaugh, 1996) .
With respect to physiology the situation is less clear. In a previous study we elucidated how CopA(Z) as MBD1 exerted a function best described as 'immobilized chaperone'. Other studies suggested that the human Atox1 and probably other chaperones by their surface properties have affinity to membranes and might even diffuse on the membrane surface for enhanced recognition of their cognate CopA (Flores and Unger, 2013) . Probably, CopA with MBD1 and CopA(Z) reflect an isofunctional implementation in which the chaperone has less intrinsic affinity to membranes but exists in two entities, one of which is held in place by a polypeptide 'leash'.
Physiological advantage of a small CopA(Z) chaperone
Going back to the critical role of GSH, it is imaginable that the chaperone CopA(Z) in its covalently ATPaseattached MBD1 form (see Fig. 1B -MBD1 ) may enhance the interactivity of the CopA with small molecule chelators. GSH-copper complexes have a lower affinity than MBDs (Xiao et al., 2011) , but this can be compensated by the relatively high intracellular concentration of the antioxidant (Helbig et al., 2008) . It may additionally be able to detach copper from sites that are not sterically accessible for metal binding proteins. Glutathione was also suggested to directly interact with copper binding proteins and thereby to enhance their functionality (Miras et al., 2008 ). An additional, immobilized chaperone domain such as MBD1 eliminates the requirement of a diffusion based transfer from unspecific low molecular weight-to high affinity protein copper trafficking circuits. An example for a similar elimination of diffusion can be found in S. pneumoniae, which features a membrane-anchored metal chaperone supporting the cytoplasmic copper exporter (Fu et al., 2013) . Interestingly, CupA and the CopA MBD of S. pneumoniae are homologous and show a similar cupredoxin-fold and comparable copper binding characteristics, underlining the common origin and overlapping functional roles of MBDs and chaperones. From what is known so far, the E. coli implementation, featuring the bifunctional chaperone domain, can, therefore, be interpreted as the most condensed design of the cascaded trafficking systems that is required for copper resistance.
Experimental procedures

Strains and plasmids
Cultivation of E. coli was performed in LB medium at 378C and 150 rpm at all times. E. coli W3110 and LMG194 (Invitrogen, Carlsbad, CA, USA) were used as wild type and reference strains respectively. The DcopA strain DC194, derived from LMG194, was used as negative control for transcript analyses, western blots and physiological experiments (Fan and Rosen, 2002) . The glutathione-deficient DcopA strain DB1 was generated by P1 phage transduction (Miller, 1972) of the gshA::kan R allel from strain BW25113 DgshA (Helbig et al., 2008) to strain DC194. RNase deficient strains were BL321 (RNaseIII -) and N3431(RNaseE -), strains with identical genetic background were BL322 and N3431 (Studier, 1975; Goldblum and Apririon, 1981) . pBAD::copA mutants and gfp fusions, as well as pET27b-mod::copA were cloned by overlap extension PCR as described previously (Drees et al., 2015) . The gfp gene was a codon-optimized sequence coding for eGFP and was purchased from Genescript (Piscataway, NJ, USA).
Copper shock of E. coli For assaying cell survival, cfu's were determined after copper shock. To this end, CuSO 4 was added at the indicated concentrations for 5 min to the cultures (diluted to OD 600 0.1) before cells were diluted into fresh LB. Dilution factors for plate spreading were varied depending on the expected cfu count. At least two dilutions per copper concentration were evaluated for data collection.
Protein purification MBD1 and CopA (for antibody production and western blot standard) were overproduced and purified as previously described (Drees et al., 2015) and served as controls in western blots, calibration of densitometric measurements and mass spectrometry. Gel filtration of CopA was performed using a Superdex 200 16/60 column operated by an € Akta Prime automated chromatography unit (GE Healthcare, Freiburg). The running buffer contained 50 mM MOPS, pH 7.5, 150 mM NaCl and 0.02% b-dodecyl maltoside.
Mass spectrometry
For the identification of the copA gene products, bands were cut out of SDS-PAGE-separated cell lysates at the respective positions and overnight in-gel digests were conducted at 228C with endoproteinase Glu-C (Roche, Basel, Switzerland) as well as trypsin (378C, Serva Electrophoresis, Heidelberg, Germany).
Nano-LC-MS/MS was carried out on an UltiMate 3000 RSLCnano HPLC system (Dionex Thermo Fisher Scientific, Germany). After loading the samples on a trap column (300 mm 3 0.5 cm, particle size: 5 mm, pore size: 100 Å ; Dionex, USA) and washing for 5 min with 0.1% trifluoroacetic acid the peptides were separated on an analytical C18 column (75 mm 3 25 cm, particle size: 2 mm, pore size: 100 Å ; Dionex Thermo Fisher Scientific, Germany). The following system of solvents was used for separating the peptides with a flow rate of 400 nl/min: 0.1% formic acid (i); 84% acetonitrile, 0.1% formic acid (ii); HPLC-gradient: 4% to 40% B in 44 min, 40% to 95% B within 3 min and held at 95% B for further 5 min before the system was equilibrated for the next analysis. The HPLC system was connected to a nanoelectrospray ionization source (Thermo Fisher Scientific, Germany). ESI-MS/MS experiments were performed on a VelosPro (Thermo Fisher Scientific, Germany) mass spectrometer. MS spectra were scanned between 300 and 2000 m/z. The 5 most intensive ions (charge >1) were selected for additional MS/MS-fragmentation in the ion trap. Afterwards these ions were set on a dynamic exclusion list for 35 s to enable the analysis of ions with lower abundances. Fragments were generated by collision-induced dissociation on isolated ions with a collision energy of 35% and an activation time of 10 ms.
The nano-LC-MS/MS data were transformed into MGF files for database searches with the MascotV R search algorithm (Matrix Science, London, UK, version 2.5), using a peptide mass tolerance of 0.4 Da and a fragment mass tolerance of 0.5 Da. For the identification of CopA(Z)-specific truncated peptide species the enzyme-settings were set on 'none' to enable the identification of C-terminal none Glu-C specific cleavage sites. Oxidation of methionine and loss of methionine from protein N-terminus were used as variable modifications. For the identification of the full length CopA protein, depending on the used enzymes the Mascot V R -settings were 'trypsin' or 'Glu-C' and up to three possible missed cleavage sites were considered for the database searches. All data were searched against the E. coli NCBInr database using a decoy strategy to exclude false positive identifications.
RNA isolation and northern blot
For isolation of RNA, 5 ml of the respective E. coli culture were added to 2.5 ml of ice cold stop buffer (100 mM Tris-Cl, pH 8, 5 mM EDTA, 200 mM b-mercaptoethanol) and centrifuged (15 min, 3000 3 g, 48C). Cells were resuspended in 1.5 ml wash buffer (100 mM Tris-Cl, pH 8, 1 mM EDTA, 100 mM NaCl), centrifuged (2 min, 15 000 3 g, 48C) and stored at 2808C until further use. Total RNA of pelleted bacteria was isolated using the RNA preparation method described by Huntzinger et al. (2005) . Northern blots were performed using 5 mg of total RNA separated on denaturing agarose gels, blotted on Nylon membranes (GE healthcare, Freiburg) and detected via DIGlabelled RNA probes (Roche, Mannheim) as described previously (Klinkert et al., 2012) . RACE 3 0 and 5 0 RACE experiments were conducted using 20 mg DNase I (Promega, Mannheim) digested total RNA. For the 3 0 RACE a C-tail was added via PAP (NEB, Frankfurt am Main). After phenol/chloroform purification and ethanol precipitation, half of the RNA was used for reverse transcription (RT) with Superscript III (Invitrogen, Karlsruhe) and the three primer mixture 5 0 -AGGAGCCATCGTATGTC(14 3 G)-A-3 0 ; -T; -C (Eurofins, Ebersberg). 0.1-2 ml of the cDNA was then used in a conventional PCR with the adapter primer AGGAGCCATCGTATGTCG. For the 5 0 RACE a TAP (Epicentre, Madison) treatment was performed to distinguish primary from processed transcripts. An oligo adapter 5 0 -GTCAGCAATCCCTAACGAG-3 0 with the last three nucleotides consisting of ribonucleotides was ligated to the transcript by T4 RNA ligase (Thermo Fisher Scientific). After phenol/chloroform purification reverse transcription with One gene, two proteins 643 Superscript III with a gene specific primer was performed. DNA-RNA hybrids were removed with RNase H (Thermo Fisher Scientific) followed by conventional PCR with the adapter-primer without ribonucleotides. Sequences of the 3 0 and 5 0 ends were obtained from gel extraction and commercial sequencing of the RACE PCR products.
In vitro transcription of copA In vitro transcription of copA was performed with a T7 in vitro transcription kit (Thermo Scientific, USA), according to manufacturer's instructions. pET27bmod::copA and pET27bmod::copA 1-444 -gfp were used as template. Reaction products were analyzed on a denaturing gel and northern-blotted as described above.
Antibodies
A polyclonal antiserum against the N-terminal MBD of CopA was raised in rabbits by Seqlab, G€ ottingen, Germany. For improving immunodetection specificity, sera were incubated with aggregates of heat-denatured lysates of E. coli strain DC194 for 24 h at room temperature (100 mg protein per ml serum) in blocking buffer (50 mM Tris-Cl, pH 7.3, 150 mM NaCl and 5% skim milk powder, 0.1% Triton X-100). The suspensions were subsequently centrifuged at 15 000 3 g for 10 min, supernatants were aliquoted and stored at 2208C until further use.
Western blot and protein quantification SDS-PAGE was conducted according to manufacturers' instructions (Biorad, Hercules, CA, USA) using 15% gels with 29:1 acrylamide/bisacrylamide ratio. Western blots were conducted with a Biometra semi-dry blotting apparatus (Analytik-Jena, Jena, Germany) with a buffer containing 25 mM Tris-Cl, 50 mM glycine, pH 8.3 and 40% (v/v) methanol and a Protran nitrocellulose membrane (Sigma Aldrich, St. Louis, MO, USA). Immunodetection was performed using either a monoclonal anti-Strep-tag antibody (IBA, Heidelberg, Germany, used according to manufacturers' instructions) or the antibody against MBD1 described above. Membranes were blocked with blocking buffer overnight before the antibody was added (1:10 000 diluted in blocking buffer). After 2h of incubation, membranes were washed five times with blocking buffer before adding an alkaline phosphatase-coupled secondary antibody (SigmaAldrich, USA). Incubation and washing steps were repeated before transferring the membranes into detection buffer. Staining was conducted with a premixed NBT/BCIP solution (Sigma-Aldrich, St. Louis, USA). Densitometry was performed using ImageJ (Schindelin et al., 2015) . Because blotting and detection of the small molecular weight CopA(Z) led to an underestimation of the concentration, band intensities of both, CopA(Z) and CopA were validated using known quantities of authentic purified CopA(Z) and CopA proteins and their respective band intensities in Coomassie and Ponceau S.
